The heavy electrical power draw of electric arc furnaces (EAF) proposes them as prime candidates for economically viable decentralized grid operation, provided they are able to operate efficiently and flexibly in response and in anticipation of fluctuations in price and local renewable energy availability. For this purpose, we consider a hypothetical industrial micro-grid consisting of a wind park, a pumped storage reservoir and a micro-EAF with ability to draw power from both the electrical grid and the hydro storage facility. We then investigate the energy savings potential for steel production, given minor load shift flexibility in production scheduling, and further flexibility in terms of the sizing of the reservoir and the generation capacity of the coupled wind park. The numerical methodology involved dynamic simulation of the furnace components, turbines (from realistic wind data), pump, generator and reservoir, and comparison of flexible vs. regular interval spaced production scheduling.
Introduction
The primary objective of this research is to establish a framework for minimizing energy costs of industrial processes such as a small-scale EAF plant by maximizing renewable energy consumption through an optimized production schedule. As steel production accounts for nearly 20% of the industrial electricity consumption in Europe, and total production (especially in EAFs as scrap is recycled) is expected to rise in the upcoming decades 1 , this industrial process is a prime candidate for uptake of a higher expected share of high-volatility renewables. The EAF is part of a hypothetical micro-grid, which may include conventional power plants as well as renewables (a.k.a. a wind park). Energy generated by the wind power plant is either conserved in a local storage facility and or sold into the energy grid. In this paper we consider the case of a micro-grid composed of a wind-park, and EAF and a hydroelectric pumped storage facility. The steps taken in the development of the energy management system are detailed in the subsequent chapters. In Chapter 2 a model of a micro-EAF with internal control is developed. Chapter 3 details the design and simulation of the hydroelectric pumped storage plant. Finally, a set of renewable energy responsive production schedules, which attempt to maximize storage capability and efficiency of the hydro plant while minimizing energy costs for the EAF plant are developed and simulated along with the micro-grid and compared against a fixed production schedule.
Hydroelectric pumped storage system
One commonly used system for storing surplus energy at magnitude orders of MWh capacity is hydroelectric pumped storage. Two water reservoirs at different altitudes are required. Energy is supplied to an electric motor, which drives a pump turbine that pumps water from the low-level water reservoir to the high-level reservoir. When electricity demand exceeds supply, water is released from the upper reservoir through a pressure pipeline, also referred to as a penstock. The water rotates the pump turbine, which drives a generator (or series of generators) that feeds energy into the micro-grid. The size of the reservoirs and the height difference between the upper and lower tanks determine the generation capacity.
Energy production and storage
Hydroelectric pumped storage plants store energy as gravitational potential energy by moving large amounts of water from a lower reservoir to an upper reservoir. The power (in Watts) consumed during pumping operation, bringing water from the lower to the upper reservoir, is defined by:
where ρ is the density of water (approximately 1000 kg/m3), g is the acceleration of gravity (9.8 m/s 2 ), h is the head or difference in elevation between the reservoirs in meters, is the volumetric flow rate during pumping operation in cubic meters per second and is the energetic efficiency of the pump.
The power that a pumped hydro plant is capable of generating in one hour can be described by:
where is the volumetric flow rate in generation mode, and is the energy conversion efficiency of the turbine generator. 
Hydroelectric plant design
The primary components of a hydroelectric pumped storage plant include upper and lower water reservoirs, a main pipe referred to as the penstock, a pump, and a turbine-generator. Parameters that must be specified or calculated include the pump and turbine sizes and operating speeds, the height difference between the upper and lower reservoirs, reservoir volume and the diameter of the penstock and the flow rate between the two reservoirs. Table 1 shows a summary of the operating parameters and values used for the design and simulation of the hydroelectric pumped storage plant. Both the pump and the generator have power ratings of 2 MW and are assumed to have electrical efficiencies of 90%. Solving for the flow rates yields values of 1.22 and 1.51 m 3 /s for the pump and generator, respectively. Each of the reservoirs is assumed to have a volume of 40,000 cubic meters. When running at full capacity, the plant is capable of supplying 2 MW of energy for approximately 7.35 hours. The optimal hydraulic turbine for hydroelectric pumped storage is dependent on several parameters including the required power output of the turbine, the head or height difference between the upper and lower reservoirs, and the mass flow rate of water. For a plant with a head of 150 meters and a mass flow rate of approximately 1.51 cubic meters per second, a 2.0 MW Francis hydraulic turbine is the most suitable option. 3 
Simulation of hydroelectric plant in Simulink
Using the operating parameters calculated in Table 1 , a Simulink (Mathworks, MA, USA) model of the hydroelectric pumped storage facility is developed. Primary components of the model include two variable head tanks, hydraulic pipelines, a variable displacement pump, and a variable displacement turbine. The overall efficiency of the hydraulic pump and turbine can be adjusted to reflect losses such as friction. System losses caused by pipes and other flow elements, including ball and directional valves, are also accounted for in the simulation. An automatic fill level control keeps the tanks from exceeding maximum capacity or from falling below a minimum fill level. The final model is shown in Fig. 2 .
Electric arc furnace
EAF's are used in the smelting of nonferrous metal. In an EAF, concentrated ore, also called scrap, is liquefied and separated into two components of different densities. These components are referred to as the slag and the matte. During the separation process the matte, which is the actual molten steel product, has a larger density than the slag and falls to the bottom. To heat and melt the scrap, electrodes charged with a voltage potential are moved up and down using hydraulic actuators. As the electrodes are brought into contact with the slag, a phenomenon called arcing occurs. During the initial part of the process, lower voltages are used to protect the roof and walls of the EAF from excessive heat and potential damage from the arcs. Once the electrodes have reached the matte at the base of the furnace and the arcs are shielded by the scrap, the voltage can be increased and the electrodes can be raised slightly, lengthening the arcs and increasing power.
Power level is directly related to production; therefore, it is advantageous to operate an EAF as close to its maximum power level as possible. Typical EAFs operate at power levels ranging from 10 MW to 80 MW, with electrode currents and voltages varying between 10 and 60 kA and 100 and 2000 V, respectively. 4, 5 The amount of energy necessary to produce one ton of steel is dependent on the type of metallic charge, the final temperature of the product, the type and amount of slag. Typical EAF energy consumption ranges from approximately 350 to 700 kWh/ton of steel produced. 6 Production schedules of EAF's are fairly flexible, making EAF's a good candidate for operation in micro-grids. Each batch of steel requires a minimum of two hours. The amount of time needed to heat and melt a batch averages between 60 and 70 minutes. Between batches there is a minimum downtime of 60 minutes and a maximum downtime of 180 minutes. Beyond this time period the slag inside the EAF begins to solidify, causing significant decreases in the efficiency of the plant.
Mathematical model of the EAF
Implementing a software simulation of an EAF first requires a mathematical model of the electrical circuit. The three-electrode, AC submerged arc furnace is the most commonly used EAF in industrial applications 7 and is therefore the design chosen for simulation purposes in this research. It has been shown that an EAF can be modeled as a three-phase electrical circuit with a double configuration. 8 The primary or outer circuit represents the interelectrode resistances, which form a delta-circuit with three nodes. The electrodes and the slag form the inner circuit, a wye-connection in which the slag is the common junction. With the use of Kirchoff's Current Law, equations for the matte voltage can be reached:
where V i is the voltage level of the electrodes. G i represents the slag-to-matte conductance and can be written as (4) where c i represents the conductance coefficient, x i is the immersion depth of the electrodes in the slag and G s is the total conductance of the slag. 9 
Simulation of the EAF
The EAF capacity that we have chosen to simulate is a 2MW plant (a so-called micro-EAF). Power consumption is assumed to be 400 kWh per ton, which equates to a maximum batch size of 5 tons. Table 2 summarizes the key operating parameters of the EAF. Due to the chaotic nature of arc impedance, EAF loads are very nonlinear. During operation, the arc power levels at the tips of the electrodes are generally uneven, resulting in imbalanced circuit conditions. Without proper monitoring and control, EAF operation can cause power quality problems including voltage dips, harmonic distortion and flicker. To correct for such imbalances an arc power control system is necessary. Ideally, the control system would measure arc current and voltage directly, but due to the atmosphere in the furnace and the fact that the system has a floating neutral, direct measurement is not possible. Instead, power is measured directly at the furnace transformer. In this particular EAF design, the power magnitudes are scalar multiple of the electrode current, thus power can be controlled by controlling current. To maintain constant power consumption, PID controllers govern the current supplied to the electrodes while the voltage remains constant. Fig. 3 shows a schematic of the Simulink model with PID current control, which approximates the EAF parameters in Table 2 . The model is an adaptation of a previously developed EAF model. 9 Power to the EAF is supplied by the hydroelectric plant or taken from the grid when the potential energy of the hydroelectric plant sinks below 2 MWh. Noise in the system is accounted for at the output of the model. The EAF response at startup is illustrated in Fig. 4 . Approximately 40 seconds are needed for the EAF to reach full operating power. Once full operating power has been reached, this power level is maintained for the duration of the batch and cannot be changed until the next production batch. 
Optimized production scheduling
Planning daily production in a manner responsive to a highly volatile source of cheap energy but under constraints of production demand and delivery contracts is a difficult compromise. The energy cost minimization method developed in this study is an iterative process that analyses several scenarios and chooses the production schedule that meets daily demand at the lowest energy costs. Day-ahead wind speed forecasts play a key part in the daily production scheduling. The first step is to calculate the total wind power production based on wind speed forecasts and power curves of the wind turbine under consideration. The next step is to build production constraints into the model. Production constraints that affect batch timing include minimum and maximum EAF down times and the fill levels of the reservoirs.
Using wind forecasted wind power a more cost efficient production schedule can be developed. When forecasted wind speed is low, the hydroelectric plant is used to power the EAF. During periods of high projected wind speeds, the harvested wind energy is used to pump water from the lower reservoir to the upper reservoir of the hydroelectric plant. In the event that a downtime of more than three hours exists between EAF batches under the variable production schedule, the smallest possible EAF batch is run using energy from the grid. In this paper we do not simulate operation as responding to probabilistic forecasts, but rather under hypothetical operation of full knowledge of future renewable supply (i.e. a perfect forecast), in order to gage what the maximal benefit of adjusting production schedule to lower energy costs we can expect.
Examples with high-and low-forecast wind power response scheduling
In the following examples, it is assumed that the required daily production is 40 tons. Meeting this production level requires a minimum of 8 batches, each producing 5 tons of steel per batch. If the batches are scheduled at regular intervals throughout day, the downtime between each batch is 2 hours. Using optimized scheduling, batches are scheduled during hours of lowest forecasted wind power. In the event that there is more than a three hour down time, a one ton batch is produced using energy from the grid. If the upper reservoir reaches maximum capacity, wind energy is sold back to the grid. Production schedules are produced for two sample days: one with high forecasted and another with low forecasted wind speeds Fig. 5 shows regular interval scheduling with the optimized wind scheduling on two different days: one with high forecasted wind power and another with low forecasted wind power. The corresponding reservoir volumes are illustrated in Fig. 6 . On the day of high forecasted wind power, the optimized schedule yields a significantly higher upper reservoir at the end of a 24 hour period in comparison with the regular interval schedule. On a day with low forecasted wind power using regular interval scheduling, the upper reservoir is depleted after a five EAF batches and the remainder of the batches must be run using wind power. The results of the two case studies are summarized in Table 3 . Through the use of variable interval scheduling, hydro storage efficiency is increased by more than 11% on the day with high projected wind power and over 27% on the day with low forecasted wind power. 
Comparison of regular interval and variable interval scheduling

Cost analysis
Hydroelectric pumped storage plants have high capital costs; however, the cost of generating electricity is minimal in comparison to other sources of energy production.
10, 11 The total cost of energy from a pumped hydroelectric storage is a sum of the cost per unit energy of wind and the additional cost per unit energy of converting stored wind energy back into electrical energy. In the simplest analysis, we observe that we can maintain a regular interval production scheduled during high wind days at no relative cost, whereas with variable production scheduling we can increase our effective share of local renewable use by 32.5% in low wind days. Keep in mind however, that in our trace (meteo-based estimation) high wind days are less than 10% of the year. This means that our effective rate of local renewable source increase is roughly 30%. If local renewables are available to us at 25% discount with respect to grid rates (a conservative adjustment for wholesale redistribution and volatility 11 although this factor can be greater or smaller depending on time-of-day, geographical location and spot price conditions, see www.ewea.org/fileadmin/ewea_documents/documents/publications/reports/Economics_of_Wind_Main_RepoRe_FINAL-lr.pdf ) we may likewise envisage a relative basic operating cost advantage of 7.5%, i.e. a measurable profit advantage with relatively small production schedule adjustments, albeit requiring a moderate capital investment (in storage)
Further cost savings are to be achieved through dynamic, forecast based optimization and investment-cost penalized sizing of hydroelectric power. Given further strategic improvements and accounting for investment penalties a target of 5% net savings in a moderate wind-power geographical area would be a reasonable target.
Conclusion
In this paper an optimized production schedule for a 2 MW micro-EAF plant has been developed and simulated. The optimized schedule utilizes energy from a 2 MW hydroelectric plant, which is connected to a 2 MW wind park, to drive the EAF. Production batches using power from the hydroelectric plant are planned during times of day when projected wind power is weak and reservoir levels are sufficient. During hours of high forecasted wind speed, the harvested wind power is used to pump water from the lower to the upper reservoir of the hydroelectric plant. The result of the optimized schedule compared to regular interval production is a more efficient use of renewable energy and a significant savings in energy costs for the EAF plant operator.
The storage provided by the hydraulic system is mostly beneficial during times of high wind power, as it provides a steady supply of high energy. In low wind power conditions, the grid power is used while local renewable power accumulates in the reservoir. In future work, a stochastic optimization system will be developed in order to optimize operation costs, which will attempt to find an exact optimal production schedule under monthly or weekly planning constraints, and minimize renewable infrastructure investment.
